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INTRODUCTION 

Our  work  combines  studies  on  ovarian  cancer  disease  pathogenesis  and  immune  biology,  musing  a 
combination  of  human  clinical  samples  and  novel  in  vivo  preclinical  models.  The  preclinical  mouse  model  used 
here  employs  the  previously  described,  genetically  engineered  mice  (Cre-loxP)  that  carry  the  lox-Stop-loxP- 
KrasG12D  oncoallele  and  a  floxed  region  within  region  encoding  for  the  phosphatase  domain  of  the  Pten  gene 
(KrasPten  mice^).  We  postulate  that  similarly  to  intrabursal  injections,  AdCre  injection  along  various  other  sites 
of  the  genital  tract  of  KrasPten  and  of  our  recently  described  MUC1  KrasPten  mice  ^  will  allow  us  to  study  in 
vivo  tumor  initiation  and  progression  and  to  identify  important  disease  pathogenesis  mechanisms  in  ovarian 
tumors  and  other  cancers  of  the  genital  tract.  Furthermore,  in  conjunction  with  our  clinical  studies  we  aim  to 
identify  novel  disease  biomarkers  that  may  help  in  the  early  diagnostic  of  ovarian  cancer  and  provide  new 
therapeutic/preventive  targets. 

BODY 

We  present  below  our  progress  in  year  4,  according  to  the  tasks  and  milestones  described  in  the  original 
application. 

Aim  1  (Months  1-18).  To  investigate  the  Mullerian  tract  versus  the  OSE  as  the  potential  originating  sites  for 
ovarian  epithelial  tumors  in  KrasPten  mice. 

All  aim  1  tasks  have  been  completed,  and  milestone  #1  (publication)  achieved. 

Our  manuscript  describes  the  morphopathogenic  characteristics  of  lesions  triggered  by  AdCre  injections  via 
intrabursal,  intraductal  and  intrauterine  routes  and  the  immune  suppressive  environment  at  each  location. 

(ref.6;  Tirodkar,  Budiu  et  al,  2014  Jul  31  ;9(7):e1 02409. PMID  25078979,  PDF  attached).  Furthermore,  we  show 
that  survival  for  oviduct  tumors  was  significantly  lower  than  for  endometrial  tumors  (p= 0.001 5),  yet  similar  to 
survival  for  ovarian  cancer.  Oviducts  seem  to  favor  the  development  of  high  grade  tumors,  providing  preclinical 
evidence  in  support  of  the  postulated  role  of  fallopian  tubes  as  the  originating  site  for  high  grade  human 
ovarian  tumors. 

Aim  2:  To  profile  disease  heterogeneity  and  to  identify  immune  biomarkers  of  natural  and  vaccine-induced 
immune  responses  in  mice  with  either  endometriosis,  ovarian  cancer  or  endometriosis  progressing  to  ovarian 
cancer. 

This  aim  has  been  largely  completed.  Using  a  novel  transplantable  ovarian  cancer  tumor  model  based  on  2F8 
cell  line,  we  recently  tested  in  vivo  efficacy  of  a  PD-L1  blockade. 2F8  cells  were  derived  from  a  primary  ovarian 
tumor  in  MKPOSE  mice  we  previously  described  (2).  Although  PDL1  expression  is  low  in  2F8  cells  at  baseline 
in  vitro,  there  is  PDL1  upregulation  in  vivo  as  demonstrated  by  ascites  isolated  cells  (Fig.  1).  The  therapeutic 
PD-L1  blockade  employed  three  administrations  of  anti-PDLI  (200ug/dose/mouse))  administered  IP  two  weeks 
apart.  Treatment  was  started  21  days  after  tumor  induction,  and  administered  intraperitoneal  (IP)  every  two 
weeks  for  a  total  of  3  doses,  according  to  the  schema  in  Fig. 2.  Kaplan  Meyer  curves  show  that  IP 
administration  of  anti-PD-LI  significantly  increases  survival  (Fig.  2).  These  findings  are  encouraging,  given  (1) 
treatment  initiation  at  late  stage,  (2)  low  dose/low  frequency  administration  and  (3)  low  PD-L1  expression  on 
tumors. 

Furthermore,  heatmap  analyses  demonstrate  clear  separation  between  responder  and  non-responder  mice 
(Fig.  3).  Of  the  82  differentially  expressed  (DE)  immune  genes,  several  of  the  immune  genes  upregulated  in 
the  spleens  of  responder  mice  correspond  to  the  CD3,  CD8  T  cells. 

In  line  with  these  gene  expression  analyses,  our  protein  measurements  via  flow  cytometry  clearly  demonstrate 
a  systemic  immune  response  associated  with  significantly  increased  CD3,  CD4  and  CD8  T  cell  accumulation  in 
the  spleens  of  responding  mice  (Fig  4).  In  addition,  the  tumors  of  responding  mice  (although  much  smaller  in 
size  than  those  in  the  control  treated  group  were  highly  infiltrated  by  T  cells  (Fig.  5),  as  detected  by  IHC. 

The  findings  have  been  incorporated  in  a  manuscript  that  will  be  soon  submitted  for  publication. 
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Current  studies  focus  on  understanding  Th1/Th2  balance  in  the  host  at  the  time  of  treatment  initiation  with  PD- 
1/PD-L1  blockers  as  potential  predictors  of  response  and/or  for  patient  selection  for  adjusted  protocols. 


Aim  3:  To  validate  in  human  specimens  the  disease  biomarkers  identified  (in  aim  2)  in  mice  with  endometriosis 
and  ovarian  tumors. 


We  have  completed  this  aim. 

Our  studies  used  a  cohort  of  120  paraffin  tissue  blocks  comprising  of  normal  endometrium  (n=32),  benign 
endometriosis  (n=30),  atypical  endometriosis  (n=15)  and  EAOC  (n=43).  Serous  tumors  (n=15)  were  included 
as  non-endometriosis  associated  controls.  The  immune  microenvironment  was  profiled  using  Nanostring  and 
the  nCounter®  GX  Human  Immunology  Kit,  comprising  probes  for  a  total  of  51 1  immune  genes. 

One  third  of  the  endometriosis  patients  revealed  a  tumor-like  inflammation  profile,  suggesting  that  cancer  -like 
immune  signatures  may  develop  earlier,  in  patients  classified  as  clinically  benign.  Gene  expression  analyses 
revealed  the  complement  pathway  as  most  prominently  involved  in  both  endometriosis  and  EAOC. 
Complement  proteins  are  abundantly  present  in  epithelial  cells  in  both  benign  and  malignant  lesions. 
Mechanistic  studies  in  ovarian  surface  epithelial  (OSE)  cells  from  mice  with  conditional  (Cre-loxP)  mutations 
show  intrinsic  production  of  complement  in  epithelia  and  demonstrate  an  early  link  between  Kras-  and  Pten- 
driven  pathways  and  complement  upregulation.  Downregulation  of  complement  in  these  cells  interferes  with 
cell  proliferation.  These  findings  reveal  new  characteristics  of  inflammation  in  precursor  lesions  and  point  to 
previously  unknown  roles  of  complement  in  endometriosis  and  EAOC. 

The  manuscript  detailing  this  work  has  been  well  reviewed  at  Clinical  Cancer  Research.  Requested  revisions 
have  been  addressed  and  final  decision  on  the  revised  manuscript  is  currently  pending. 


Progress  on  Milestone  #1:  first  round  of  publication  submissions. 

This  milestone  has  been  completed  (1 , 2). 

Progress  on  Milestone  #  2;  second  round  of  publication  submissions. 

This  milestone  has  been  completed  (references  3,4  and  6) 

Progress  on  Milestone  #  3:  first  R01  submission.  Originally  planned  for  year  3,  we  report  that  we  secured 
our  first  R01  earlier  than  proposed,  in  year  2. 

Based  on  the  encouraging  in  vivo  results  from  our  preclinical  studies  using  anti-PDLI ,  we  recently  applied  for 
and  received  funding  for  a  one  year  developmental  research  project  (DRP),  part  of  the  University  of  Pittsburgh 
Cancer  Institute/  Roswell  Park  Cancer  Institute  (UPCI/RPCI)  Ovarian  Cancer  SPORE. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Human  studies  of  immune  profiling  via  Nanostring  revealed  that  chronic  inflammation  associated  with 
progression  to  premalignancy  (defined  here  as  cellular  atypia,  no  overt  cancer  yet  present)  triggers 
complement  upregulation.  These  are  the  first  studies  to  show  the  role  of  complement  in  endometriosis  and  to 
demonstrate  that  chronic  benign  endometriosis-lesions  may  harbor  a  tumor-like  immune  gene  signature  before 
tumors  occur. 

•  Preclinical  mouse  studies  with  PD-L1  demonstrate  in  vivo  anti-tumor  efficacy  and  reveal  an  immune  gene 
expression  signature  that  correlates  with  survival.  The  efficacy  of  this  approach  and  the  potential  translational 
impact  it  carries  is  further  enhanced  by  the  fact  that  (i)  efficacy  occurs  even  when  treatment  is  started  late;  (ii) 
PD-L1  expression  of  the  tumor  is  low. 

•  Preclinical  results  with  PD-L1  blockade  created  a  basis  for  a  new  grant  submission  and  for  an  Investigator 
Initiated  Trial  proposal  submitted  to  Merck  (Pl-Marilyn  Huang,  MD;  Co-1-  Robert  P  Edwards,  MD). 


6 


REPORTABLE  OUTCOMES 


•  Manuscripts-  published  during  the  past  12  months 

1.  Tirodkar  TS,  Budiu  RA,  Elishaev  E,  Zhang  L,  Mony  JT,  Brozick  J,  Edwards  RP  and.  Vlad  AM.  MUC1 
positive,  Kras  and  Pten  driven  mouse  gynecologic  tumors  replicate  human  tumors  and  vary  in  survival  and 
nuclear  grade  based  on  anatomical  location.  PLoS  One  2014  Jul  31  ;9(7):e1 02409.  doi:  10.137.  PMID: 
25078979 


•  Abstracts-We  have  submitted  during  the  past  year  four  abstracts: 

1.  Zhang  L,  Budiu  R,  Brozick  J  and  Vlad  AM.  “Novel  ovarian  cancer  transplantable  models  generated  from 
MUC1  KrasPten  tumors  show  in  vitro  and  in  vivo  heterogeneity”.  American  Association  for  Cancer 
Research  (AACR)  Annual  Meeting,  San  Diego,  CA,  April  5’^ -9’^,  2014. 

2.  Suryawanshi  S,  Huang  X,  Budiu  R,  Elishaev  E,  Kim  SH,  Tseng  G,  Mantia-Smaldone  G,  Klein  Patel  M,  Lee 
T,  Mansuria  S,  Edwards  RP  and  Vlad  AM.  “Complement  roles  in  endometriosis  and  endometriosis- 
associated  ovarian  cancer”.  American  Association  for  Cancer  Research  (AACR)  Annual  Meeting,  San 
Diego,  CA,  April  2014. 

3.  Zhang  L,  Tirodkar  T,  Elishaev  E,  Mony  J,  Brozick  J,  Edwards  RP  and  Vlad  AM.  “Natural  and  anti-PD-LI 
induced  tumor  immunity  in  a  novel  ovarian  cancer  mouse  model  for  human  mucin  1  (MUC1)”.  Poster  and 
oral  presentation,  American  Association  for  Immunology  (AAI)  Annual  Meeting,  Pittsburgh  PA,  May  2-5, 
2014. 

4.  Berger  J,  Beck  T,  Elishaev  E  ,  Sukhwani  M  ,  Zhang  L,  Vlad  AM,  Krivak  T,  Kelley  J  and  Orwig  K.”  A  novel 
immune-competent  mouse  model  of  early-stage  epithelial  ovarian  carcinoma”.  Annual  Meeting  of  the 
American  Society  of  Clinical  Oncology  (ASCO)  Chicago,  IL,  May  30-  June  3,  2014. 

5.  Gillman,  A,  Ocak,  M,  Bresee,  J;  Zhang,  L;  Mueller,  C,  Vlad,  AM;  Edwards,  B,  Anderson,  C  and  Gach,  M. 
“Multi-modal  folate-targeted  imaging  of  intraperitoneal  ovarian  tumors  in  mice”.  Society  for  Nuclear 
Medicine  and  Molecular  Imaging  (SNMMI)  Annual  Meeting,  St  Louis,  MO,  June  7-11,  2014 


•  Presentations-  Invited  oral  presentations 


•  Animal  models-  In  years  1  and  2  we  developed  in  vivo  orthotopic  tumor  models  for  ovarian  tumors, 
endometrial  tumors  (preceded  by  endometrial  hyperplasia),  ductal  tumors  and  primary  peritoneal 
carcinomatosis  (in  both  female  and  male  mice).  During  year  3  we  developed  a  novel  transplantable  ovarian 
tumor  model  using  a  novel  cell  line  (clone  2F8,  Fig.  7).  Expression  of  PD-L1  makes  this  cell  line  makes  highly 
suitable  for  preclinical  testing  of  PD-1/PD-L1  blockers. 

•  Funding  applied  for  based  on  work  supported  by  this  award. 

Funded  applications: 

1.  Title:  “Inflammation  and  Intratumoral  Immune  Checkpoint  Activity  in  Ovarian  Cancer 
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Type  of  award:  Developmental  Research  Project  (DRP),  part  of  the  University  of  Pittsburgh  Cancer 
Institute/Roswell  Park  Cancer  Institute  (UPCI/RPCI)  Ovarian  Cancer  SPORE 
Role:  Local  PI 

Period:  May  2014-  May  2015 

2.  Title:  Immune  Therapy  Targeting  Regulatory  T  cells  Expressing  Tim-3  and  PD-1 

Type  of  award:  Developmental  Research  Project  (DRP),  part  of  the  University  of  Pittsburgh  Cancer 

Institute/Roswell  Park  Cancer  Institute  (UPCI/RPCI)  Ovarian  Cancer  SPORE 

Role:  Local  Co-1 

Period:  September  2014-  September  2015 
Not  funded  application 

1.0CRF-  Program  Project  Application  (Pis:  Vlad,  Edwards,  Huang) 

2.  DOD  OCRP-  Pilot  Award  (Role:  Co-I;  M  Gach,  PhD-  PI) 

Pending  applications 

1.  NIH/NCI-  R21  (Role:  Co-1,  5%  effort) -Xin  Huang,  PhD-  PI 

2.  Sandy  Rollman  Ovarian  Cancer  Post-doctoral  Award  (Role:  Mentor-  Shannon  Grabosch,  MD-PI) 

•  Awards 

1.  Training  faculty,  T32  Award  “Translational  Research  Training  in  Cancer  Etiology  and  Prevention”-  Cancer 
Institute  of  the  National  Institutes  of  Health,  Award  Number  T32CA1 86873  (PI-  Jian  Min  Yuan,  PhD). 

2.  To  Swati  Suryawanshi,  Post-doctoral  fellow  in  Vlad  lab:  Best  Oral  Presentation-  Womens  Cancer  Research 
Center  Second  Annual  Retreat,  Nemacolin  Woodlands  Resort,  November  15-16,  2013 

•  Other 

Named  member  of  the  Graduate  Faculty,  University  of  Pittsburgh,  Pittsburgh  PA  (January,  2012) 


CONCLUSION 

Immune  checkpoint  blockade  using  anti-PD-LI  antibody  shows  in  vivo  efficacy,  due  increase  in  CD8  systemic 
T  cells  and  increased  T  cell  infiltration  at  the  tumor  site. 

The  effects 

REFERENCES 
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Disease  models  &  mechanisms  2009:2:593-603;  PMID:  19841240. 

2.  RA  Budiu,  E  Elishaev,  J  Brozick,  M  Lee,  RP  Edwards,  P  Kalinski  and  AM  Vlad.  Immunobiology  of  human 
mucin  1  in  a  preclinical  ovarian  tumor  model.  Oncogene.  2012  Sep  10.  doi:  10.1038/onc.201 2.397. 
PMID:22964632. 
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Donnelian  N,  Kiein-Patei  M,  Lee  T,  Mansuria  S,  Eiishaev  E,  Budiu  R,  Edwards  RP,  Huang  X.  Piasma 
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5.  Progestins:  Pro-senescence  therapy  for  ovarian  cancer?”  Steffi  Oesterreich,  Robert  Edwards  and  Anda 
Vlad.  Cell  Cycle  News  &  Views,  June  1, 2013,  p  1662  -  1663; 

6.  Tirodkar  TS,  Budiu  RA,  Eiishaev  E,  Zhang  L,  Mony  JT,  Brozick  J,  Edwards  RP  and.  Viad  AM.  MUC1 
positive,  Kras  and  Pten  driven  mouse  gynecologic  tumors  replicate  human  tumors  and  vary  in  survival  and 
nuclear  grade  based  on  anatomical  location.  PLoS  One  2014  Jul  31  ;9(7):e1 02409.  doi:  10.137.  PMID: 
25078979 


SUPPORTING  DATA 


Fig.1 

2F8  tumor  cells  at  baseline 


2F8  tumor  cells  from  ascites 


Fig.  1 .  PD-L1  expression  on  2F8  tumor  ceils  via  flow  cytometry.  The  2F8  cells  express  low  levels  of  PD-L1  at 
baseline(left)  but  an  in  vivo  upregulation  is  identified  in  2F8  cells  collected  from  ascites  (right).  PDL1  is  also 
expressed  at  high  levels  on  2F8  tumor  cells,  as  detected  by  IHC  (right  panei,  brown  staining). 
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Survival  proportions:  Survival  of  M  only-2F8 


Days 


Fig.  2.  Treatment  schema  and  survival  comparison  of  PD-L1  treated  MUC1  transgenic  mice  with  2F8  ovarian 
cancer  tumors.  A.  Treatment  protocoi  and  comparison  of  mice  treated  with  200  pg  of  either  anti  PD-L1  (n=6) 
or  control  Rat  IgG  antibody  (n=6).  Ali  12  mice  received  IP  injections  of  0.8  million  MKP3004-2F8  cells  at  8 
weeks  of  age  and  began  treatment  3  weeks  after  tumor  induction.  B.Kapian  Meyer  survivai  curve  showing 
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increase  in  survival  in  response  to  PD-L1  blockade  (n=6,  blue  line)  versus  control  antibody  treated  mice  (n=6, 
red  dotted  line).  P=  0.0012 
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Fig.  3  The  heatmap  analysis  of  DE  genes  (n=82.)  that  show  clear  separation  of  mice  responding  to  PD-L1 
(blue  bar,  n=6)  versus  controls  (red  bar,  n=5).  Many  of  the  genes  upregulated  in  responder  mice  (CDS,  CD3e, 
CD3d  belong  to  CDS  and  CD3/  TCR  complex,  suggesting  a  CDS  T  cell  mediated  response. 
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Fig.  4.  Phenotypic  analysis  of 
splenocytes,  using  flow 
cytometry.  In  line  with  the 
Nanostring  findings,  we  found 
significant  increases  in  CDS  (left 
panel)  and  CD4  (middle  panel) 
and  CDS  T  cells  (right  panel) 
among  splenocytes  from 
-  responder  mice,  via  flow 
cytometry.  *  p<0.05,  Non- 
parametrlc  students  t  test. 
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Fig.  5. 


MUC1  Tg  (anti-PDLI) 


MUC1  Tg  (rat  IgG) 


Fig  5.  Immunohistochemistry  (IHC)  staining  for  tumor-infiltrating  CDS  in  six  different  mice,  either  PD-L1  (left 
column)  or  control-antibody  treated  (right  column).  Although  some  of  the  PD-L1  treated  mice  developed 
ovarian  tumors,  very  low  tumor  burden  was  identified  at  necropsy.  Furthermore,  significant  T  cell  infiltration 
was  observed  in  tumors  from  PD-L1  treated  mice  vs.  controls  .IHC  staining  was  performed  to  detect  CDSz, 
according  to  manufacturer's  protocol. 
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Abstract 

Activating  mutations  of  Kras  oncogene  and  deletions  of  Pten  tumor  suppressor  gene  play  important  roles  in  cancers  of  the 
female  genital  tract.  We  developed  here  new  preclinical  models  for  gynecologic  cancers,  using  conditional  (Cre-loxP)  mice 
with  floxed  genetic  alterations  in  Kras  and  Pten.  The  triple  transgenic  mice,  briefly  called  MUCI  Kras  Pten,  express  human 
MUCI  antigen  as  self  and  carry  a  silent  oncogenic  Kras*^^^^  and  Pten  deletion  mutation.  Injection  of  Cre-encoding 
adenovirus  (AdCre)  in  the  ovarian  bursa,  oviduct  or  uterus  activates  the  floxed  mutations  and  initiates  ovarian,  oviductal, 
and  endometrial  cancer,  respectively.  Anatomical  site-specific  Cre-loxP  recombination  throughout  the  genital  tract  of 
MUCI  KrasPten  mice  leads  to  MUCI  positive  genital  tract  tumors,  and  the  development  of  these  tumors  is  influenced  by  the 
anatomical  environment.  Endometrioid  histology  was  consistently  displayed  in  all  tumors  of  the  murine  genital  tract 
(ovaries,  oviducts,  and  uterus).  Tumors  showed  increased  expression  of  MUCI  glycoprotein  and  triggered  de  novo 
antibodies  in  tumor  bearing  hosts,  mimicking  the  immunobiology  seen  in  patients.  In  contrast  to  the  ovarian  and 
endometrial  tumors,  oviductal  tumors  showed  higher  nuclear  grade.  Survival  for  oviduct  tumors  was  significantly  lower 
than  for  endometrial  tumors  (p  =  0.001 5),  yet  similar  to  survival  for  ovarian  cancer.  Oviducts  seem  to  favor  the  development 
of  high  grade  tumors,  providing  preclinical  evidence  in  support  of  the  postulated  role  of  fallopian  tubes  as  the  originating 
site  for  high  grade  human  ovarian  tumors. 
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Introduction 

The  American  Cancer  Society  estimates  over  91,000  new  cases 
and  28,000  deaths  due  to  gynecological  cancers  in  2013  [1]. 
Taken  together,  ovarian  and  endometrial  tumors  constitute  about 
78%  of  all  female  genital  tract  tumors.  The  most  common 
gynecologic  malignancy  is  endometrial  cancer,  which  is  often 
detected  early  and  can  be  successfully  treated  with  surgery  and/ or 
radiotherapy.  In  contrast,  epithelial  cancer  of  the  ovary  is 
relatively  uncommon  yet  highly  aggressive,  accounting  for  most 
of  the  mortality.  Primary  fallopian  tube  cancers  (without  ovarian 
involvement)  are  also  rare,  accounting  for  0.2%  of  cancer  cases 
diagnosed  annually  [2]  and,  like  ovarian  tumors,  are  detected  late 
and  have  a  poor  prognosis  [3] . 

Traditionally,  epithelial  ovarian  tumors  have  been  thought  to 
develop  from  the  ovarian  surface  epithelium  into  four  major 
histotypes:  serous,  endometrioid,  mucinous  and  clear  cell.  It  is  now 


apparent  that  ovarian  tumors  are  highly  heterogeneous  and  may 
represent  several  different  clinical  entities,  with  distinct  clinical 
precursors.  High  grade  serous  tumors  carry  p53  mutations  and  are 
considered  to  arise  mostly  in  the  fallopian  tubes  [4,5].  Although 
this  type  of  tumor  has  been  fully  characterized  through  The 
Cancer  Genome  Atlas  (TCGA)  [6],  similarly  comprehensive 
analyses  of  the  other  ovarian  cancer  subtypes  are  not  yet  available 
[7-9].  Nevertheless,  based  on  substantial  evidence  from  several 
studies,  it  is  currently  accepted  that,  at  least  in  part,  the 
endometrioid  and  clear  cell  ovarian  tumor  histotypes  share 
endometriosis  as  a  putative  common  precursor  [10]  and  display 
frequent  inactivating  mutations  in  ARID  1 A  [7,11]. 

Low  grade  (type  I)  endometrial  and  ovarian  cancers,  as  well  as 
tubal  intraepithelial  carcinomas  are  frequently  associated  with 
oncogenic  KRAS^^^^  and  PTEN  deletion  mutations  [3,12]  or 
altered  expression  [13].  The  recent  TCGA  study  of  373 
endometrial  tumors  identified  the  KRAS  and  PTEN  genes  as 
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being  mutated  in  24.6%  and  77%  of  endometrioid  tumors 
respeetively,  emphasizing  the  influenee  of  these  mutations  in 
gyneeologie  eaneer  pathogenesis  [14]. 

Involvement  of  the  KRAS  and  PTEN  pathways  has  led  to  the 
development  of  several  genetieally  modified  preelinieal  models  for 
type  I  gyneeologieal  eaneers  [15-20].  Using  eonditionally  trans¬ 
genie  miee  earrying  both  oneogenie  Kras^^^^  and  a  floxed  Pten 
deletion,  Dinuleseu  et  al  demonstrated  the  importanee  of  these  two 
pathways  in  triggering  ovarian  tumors  with  endometrioid  histology 
[21].  Miee  defeetive  in  Pten  have  also  been  reported  as  valuable 
preelinieal  models  for  endometrioid  endometrial  tumors  [22]. 
However,  in  vivo  modeling  of  oviduet  tumors  (the  murine 
equivalent  of  fallopian  tube  tumors)  has  proven  more  ehallenging 
with  only  few  orthotopie  models  reported  to  date  [15,23]. 

While  some  of  the  mouse  models  for  gyneeologie  malignaneies 
have  been  helpful  in  delineating  meehanisms  of  pathogenesis 
[21,24,25],  they  offer  limited  utility  for  immunotherapy  due  to  the 
absenee  of  well  eharaeterized  mouse  tumor  antigens.  To  overeome 
this,  we  generated  triple  transgenie  MUCU^  loxP-STOP-loxP- 
(or  briefly  MUClKrasPten)  mice  that,  at 
Steady  state,  express  physiologie  levels  of  human  muein  1  (MUCl) 
as  self-antigen  [26].  MUGl  is  a  membrane-bound  glyeoprotein 
that  is  overexpressed  and  aberrantly  glyeosylated  in  most  epithelial 
eell-derived  eaneers,  ineluding  genital  traet  tumors  [27].  MUGl- 
targeted  immunotherapy  is  under  development  for  several  eaneers 
and  has  been  administered  so  far  to  about  1200  patients,  while 
more  than  2000  patients  are  eurrently  enrolled  in  ongoing  elinieal 
trials  [28].  Using  the  MUGlKrasPten  mouse  model,  we  have 
reeently  demonstrated  that  intrabursal  injeetions  of  AdGre  (to 
aetivate  oneogenie  Kras  and  induee  Pten  loss  in  the  ovaries) 
[21,26]  trigger  endometrioid  ovarian  tumors.  The  tumors 
overexpress  human  MUGl  similarly  to  the  human  disease  and 
respond  to  MUGl  immunotherapy,  further  strengthening  the 
evidenee  on  its  effieaey  as  a  target  in  ovarian  eaneer  [26]. 

Here,  we  show  how  eonditional  mutations  in  Kras  and  Pten 
genes  ean  be  manipulated  throughout  the  genital  traet  of  double 
(KrasPten)  and  triple  transgenie  (MUGlKrasPten)  miee,  using 
injeetions  of  Gre-eneoding  adenovirus  (AdGre)  in  the  ovarian 
bursa,  oviduet  or  uterine  horns.  Although  all  tumors,  regardless  of 
the  originating  site,  display  endometrioid  histology,  oviduets  seem 
to  favor  the  development  of  high  grade  tumors,  providing 
preelinieal  evidenee  in  support  of  the  postulated  role  of  fallopian 
tubes  as  the  originating  site  for  high  grade,  human  ovarian  tumors. 

Materials  and  Methods 

Survival  surgery  and  administration  of  recombinant 
adenovirus  for  tumor  induction 

All  animal  experiments  were  performed  aeeording  to  the 
protoeol  approved  by  the  University  of  Pittsburgh  Institutional 
Animal  Gare  and  Use  Gommittee.  Figure  1  shows  the  gross 
anatomy  of  the  murine  female  genital  traet  from  a  healthy  mouse, 
as  well  as  a  diagram  of  the  ovarian  bursa,  oviduet  and  uterine  sites 
of  AdGre  injeetion  approaeh. 

Briefly,  7—10  weeks  old  female  miee  were  synehronized  by  intra- 
peritoneal  (IP)  injeetion  of  5  U  of  pregnant  mare  serum 
gonadotropin  (PMSG,  Sigma,  St.  Louis,  MO),  followed  48  hours 
later  by  5  U  of  human  ehorionie  gonadotropin  (hGG,  Galbio- 
ehem,  Billeriea,  MA)  as  previously  deseribed  [21].  Thirty  six  hours 
later,  5  |il  of  2.5x10^  plaque-forming  units  of  Ad5GMVGre 
(University  of  Iowa  Gene  Transfer  Veetor  Gore)  were  delivered 
into  either  the  ovarian  bursa  of  the  left  ovary  (n  =  12),  or  the  left 
oviduet  (n  =  9)  or  the  left  uterine  horn  (n  =  12).  The  eontra  lateral 
(right)  ovary/ oviduet/ uterine  horn  was  used  as  eontrol.  A  subset  of 
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oviduet  injeetions  (n  =  4)  were  performed  after  elipping  the  oviduet 
at  the  proximal  and  distal  ends  using  the  GEM  MieroGlips 
(Synovis  Life  Teehnologies,  Birmingham,  AL)  to  ensure  retention 
of  the  adenovirus  within  the  oviduet. 

The  miee  were  saerifieed  when  the  tumor  mass  on  the  injeeted 
side  and/or  aseites  aeeumulation  beeame  visible  or  the  miee 
showed  signs  of  distress  that  were  pre-defmed  as  endpoints  (i.e. 
hunehed  appearanee,  ruffled  fur,  dififieulty  in  reaehing  for  food  or 
water  ete). 

Administration  of  AdLacZ  adenovirus  and  staining  for 
LacZ  expression 

Ovulation  was  synehronized  as  above  in  eontrol  female  miee. 
Five  mieroliters  of  2.5x10^  plaque-forming  units  of  the  AdLaeZ 
adenovirus  (University  of  Iowa  Gene  Transfer  Veetor  Gore)  were 
then  delivered  into  proximally  and  distally  elipped  oviduets  (n  =  2) 
or  the  uterus  (n  =  2).  Miee  were  saerifieed  3-7  days  post  virus 
administration  and  the  tissues  fixed  and  stained  for  LaeZ 
expression  using  the  LaeZ  Deteetion  Kit  for  Tissues,  aeeording 
to  the  manufaeturer’s  instruetions  (Invivogen,  San  Diego,  GA). 
After  staining,  the  tissues  were  embedded  in  paraffin  and  bloeks 
were  seetioned  at  5  pm,  followed  by  H&E  staining  to  visualize  the 
histology  of  the  AdLaeZ  infeeted  sites. 

Tissue  isolation,  histopathology  and 
immunohistochemistry 

Mouse  internal  organs  (reproduetive  traet,  spleen,  peritoneal 
tumor  masses  and  diaphragm),  blood  and  aseites  were  eolleeted 
during  neeropsy.  Harvested  tissue  was  fixed  in  10%  buffered 
formalin  (Fisher  Seientifie,  Kalamazoo,  MI)  for  24  hours,  stored  in 
70%  ethanol  for  3  days  and  subsequently  embedded  in  paraffin. 
Five  mieron  seetions  were  eut  and  the  gross  histopathology  was 
assessed  by  H&E  staining.  For  immunohistoehemistry  (IHG),  the 
slides  were  bloeked  using  3%  hydrogen  peroxide  in  methanol  and 
antigen  retrieval  was  performed  by  boiling  the  slides  for  20 
minutes  in  eitrate  buffer,  pH  6.  The  following  antibodies  were 
used  for  IHG:  anti-human  MUG-1  (HMPV,  1:100,  BD  Pharmin- 
gen,  San  Diego,  GA),  eytokeratin  8  (BOO  17,  1:50,  Assay  Bioteeh, 
Sunnyvale,  GA),  and  desmin  (se7559,  1:50,  Santa  Gruz  Bioteeh- 
nology,  Dallas,  TX).  Seeondary  antibodies  used  inelude  anti- 
rabbit-HRP  (K4003,  Dako,  Garpinteria,  GA)  for  eytokeratin  8, 
and  anti-goat-HRP  for  desmin  (se2020,  1:50,  Santa  Gruz 

Bioteehnology,  Dallas,  TX).  Biotinylated  anti-mouse  IgG 
(550337,  1:100;  BD  Pharmingen,  San  Jose,  GA)  was  used  as  the 
seeondary  antibody  for  anti-MUGl,  followed  by  the  VeetaStain 
ABG  Kit  (Veetor  Laboratories,  Burlingame,  GA).  The  positive 
signal  was  deteeted  using  the  DAB  ehromogen  (DAB  Substrate 
Kit,  Abeam,  Gamb ridge,  MA)  and  the  slides  were  eounterstained 
using  hematoxylin.  To  ensure  speeifieity  of  staining,  eontrol 
seetions  were  stained  with  either  isotype  eontrol  antibodies  or  no 
primary  antibody. 

Human  serous  tubal  intraepithelial  eareinoma  (n  =  1),  human 
endometrioid  endometrial  eareinoma  (n  =  4)  and  human  endo¬ 
metrial  hyperplasia  (n  =  3)  were  obtained  as  per  IRB  guidelines 
from  the  Health  Seienee  Tissue  Bank  of  the  Magee  Women’s 
Hospital,  Pittsburgh.  The  protoeols  for  proeessing  and  IHG 
staining  of  human  tumors  were  similar  to  those  deseribed  above, 
for  mouse  tumors. 

Image  processing  and  analysis 

Images  were  aequired  with  the  Nikon  Eelipse  90i  mieroseope 
and  Nikon  DS-Ril  GGD  eamera,  using  NIS  Elements  AR 
software  or  the  Nikon  Eelipse  600  mieroseope  with  the  DS-L3 
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Figure  1.  Induction  of  floxed  and  Pten  mutations  in  the  female  genital  tract  results  in  large  tumors  at  the  primary  site, 

accompanied  at  late  stages  by  numerous  peritoneal  implants.  (A)  Left  panel:  female  genital  tract  anatomy  of  a  healthy  mouse  (Ov,  ovaries; 
OvB,  ovarian  bursa;  OvD,  oviduct;  UT,  uterus).  Right  panel:  schematic  representation  of  the  murine  female  genital  tract  showing  the  ovaries,  oviducts 
and  uterine  horns.  Arrows  indicate  AdCre  delivery  routes:  under  the  ovarian  bursa,  inside  the  oviduct  and  inside  the  uterine  horn.  All  injections  were 
unilateral,  keeping  the  contralateral  site  as  control.  (B)  Mice  carrying  conditional  mutations  in  oncogenic  Kras*^^^^  and  tumor  suppressor  Pten 
pathways  were  injected  with  AdCre  either  under  the  left  ovarian  bursa  (n  =  12),  left  oviduct  (n  =  9),  or  left  uterine  horn  (n  =  12).  Representative  gross 
images  of  primary  tumors  (left  column)  are  shown  for  ovarian,  oviductal  and  uterine  injections.  Right  column  shows  numerous  loco-  regional 
metastatic  small  tumor  deposits  (arrows)  that  accompany  the  corresponding  primary  tumor.  The  nodules  were  often  located  on  the  diaphragm 
(upper  and  lower  panels)  and  liver  (middle  panel). 
doi:1 0.1 371  /journal. pone.01 02409.g001 


CCD  camera.  Images  acquired  were  processed  with  Adobe 
Photoshop  GS5. 

DNA  isolation  and  PCR  analysis  of  Cre-mediated 
recombination 

DNA  was  isolated  from  5  pm  tissue  sections  of  primary  tumors 
using  All  Prep  RNA/DNA/Protein  isolation  kit  as  per  the 
manufacturer’s  instructions  (Qiagen,  Valencia,  GA).  Tails  from 
non-tumor  bearing,  healthy  control  mice  were  snap-frozen  after 
collection  and  DNA  was  later  isolated  using  Puregene  DNA 
purification  system  (Centra  Systems,  Minneapolis,  MN),  according 
to  manufacturer’s  instructions.  The  primers  and  complete  PGR 
protocols  to  detect  K-ras^^^^  and  Pten  deletion  mutations  have 
been  described  previously  [26]. 

Flow  cytometry 

Spleens  were  collected  at  necropsy  and  a  single  cell  suspension 
was  obtained  by  passing  the  tissue  fragments  through  a  70  pm  cell 


strainer  (BD  Falcon,  Franklin  Lake,  INf,  USA).  Cells  were  stained 
with  fluorescent  antibodies  for  GD3  (PerGP),  GD4  (Pacific  Blue), 
and  GD8  (APG-Gy7)  (all  antibodies  from  BD  Biosciences,  San 
Jose,  GA),  followed  by  intracellular  staining  for  Foxp3 
(eBioscience,  San  Diego,  GA),  according  to  the  manufacturers’ 
protocols. 

To  detect  anti-MUGl  antibodies,  samples  were  incubated  with 
IGIO-MUCI  cells  [29]  expressing  extracellular  human  MUCl. 
To  detect  bound  antibodies,  the  cells  were  then  stained  with 
fluorescein  tagged  anti-mouse  IgG  and  positive  cells  analyzed  with 
LSRII  (BD  Biosciences)  and  processed  in  FAGSDiva  (BD 
Biosciences).  Gates  for  positive  cells  were  set  using  control  ascites, 
from  tumor  bearing  KrasPten  (i.e.  human  MUGl  negative)  mice. 

ELISA 

To  detect  MUGl -specific  antibodies  in  sera  from  MUGIK- 
rasPten  mice  with  tumors  (n  =  5  ovarian,  n  =  4  oviductal  and  n  =  4 
uterine  tumors)  we  performed  ELISA,  as  previously  described  by 
us  and  others  [29].  Briefly,  ELISA  plates  were  coated  with  10  pg/ 
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Cytokeratin  8  Desmin 


Figure  2.  Primary  tumors  of  the  ovary,  oviduct  and  uterus  have  epithelial  origin.  Immunohistochemistry  staining  of  tumors  occurring  in 
the  ovary  (upper  panels),  oviduct  (middle  panels)  or  endometrium  (lower  panels).  Antibodies  to  mouse  cytokeratin  8  (an  epithelial  cell  marker,  left 
column)  and  mouse  desmin  (right  column)  were  used  at  1:50  dilution.  Representative  images  shown.  Scale  bar  -50  |im. 
doi:1 0.1 371  /journal. pone.01 02409.g002 


ml  lOOmer  MUGl  peptide  eomprising  five  20  amino-aeid  long 
tandem  repeats  from  the  MUGl  extraeellular  domain.  Similarly 
diluted  sera  from  two  miee  with  MUGl  negative  (wild  type) 
tumors,  as  well  as  dilution  medium  alone  were  ehosen  as  negative 
eontrols.  Samples  were  run  in  duplieate  for  eaeh  of  the  two 
dilutions  (1:20  and  1:40,  respeetively).  Horseradish  peroxidase 
(HRP)  — eonjugated  seeondary  antibody  speeifie  for  mouse  IgG 
(Sigma,  1:500)  was  used  for  deteetion.  Median  and  standard  errors 
were  plotted  in  Exeel. 

Survival  curve  and  statistical  analysis 

The  Kaplan-Meyer  survival  eurve  was  plotted  using  the 
GraphPad  Prism  6  software.  The  same  software,  as  well  as  Exeel 
were  used  to  perform  ANOVA  or  Student’s  t  test  and  to  eompute 
p  values  for  statistieal  signifieanee. 

Results 

Induction  of  oncogenic  Kras^^^^  and  deletion  of  Pten  in 
the  oviduct  or  the  uterine  horns  triggers  progression  to 
ductal  and  endometrial  tumors,  respectively 

To  explore  the  tumorigenie  eontributions  of  oneogenie  Kras 
and  tumor  suppressor  Pten  pathways  throughout  the  female 
genital  traet  of  genetieally  engineered,  Gre-loxP  miee  [21,26],  we 
injeeted  AdGre  adenovirus  at  three  different  anatomieal  loeations 
(Fig.  1  A).  The  miee  reeeived  one,  unilateral  AdGre  injeetion  either 
in  the  ovarian  bursa  (n  =  1 2),  oviduet  (the  fallopian  tube 
equivalent,  n  =  9)  or  uterine  horn  (n=12).  Aetivation  of  Kras 
and  deletion  of  Pten  transformed  the  oviduetal  and  endometrial 
tissues,  resulting  in  establishment  of  primary  tumors  at  these  sites 
(Fig.  IB).  Oviduetal  tumors  showed  100%  tumor  penetranee 
(n  =  9),  similarly  to  ovarian  tumors  [21,26].  Tumor  penetranee 


was  lower  (at  50%)  following  intrauterine  (lU)  AdGre  injeetions. 
Intrabursal  injeetions  triggered  primary  ovarian  tumors  as  shown 
previously  [21,26]  and  were  used  as  referenee  standard  (Fig.  IB). 

Gross  loeo-regional  metastases  were  often  observed  in  late  stage 
tumors  of  oviduet  and  uterus  (Fig.  IB)  and  were  deteeted  as  tumor 
implants  on  the  diaphragm,  liver,  and  spleen.  Only  one  of  the  1 2 
uterine-injeeted  miee  presented  with  aseites  (8%)  while  5  out  of  9 
oviduet  injeeted  miee  showed  aseites  (56%,  p  =  0.0163).  Aseites, 
when  deteeted,  was  of  the  hemorrhagie  type.  No  tumors  were 
deteeted  in  the  ovaries,  oviduet  and  uterine-AdGre  injeeted  miee 
earrying  mutations  in  either  Kras  alone  (MK  miee)  or  Pten  alone 
(MP  miee,  data  not  shown),  suggesting  that,  as  with  ovarian 
tumors  [26],  both  pathways  need  to  be  aetive  in  order  for  tumors 
to  oeeur.  AdGre  was  also  injeeted  in  MUG  1  single  transgenie  miee 
(ineluded  as  eontrols)  whieh,  as  expeeted,  remained  healthy 
throughout  the  duration  of  the  experiment.  This  demonstrates 
that  in  the  absenee  of  floxed  mutations  in  the  host  genome, 
adenoviral  infeetion  is  non-eonsequential  for  the  host. 

DNA  of  all  primary  tumors  was  analyzed  by  PGR  to  eonfirm 
the  aetivation  of  the  floxed  sites  in  Kras  and  Pten  genes  [26].  As 
expeeted,  the  oviduetal  and  uterine  tumors  showed  the  presenee  of 
both  the  aetive  Kras^^^^  and  the  wild  type  Kras  alleles,  along  with 
homozygous  deletion  of  Pten  (Fig.  SIA-G).  Normalization  results 
of  mutant  (floxed)  Kras  to  wild  type  Kras  from  tumors  are  in  line 
with  the  expeeted  1:1  ratio  (50%  mutant  Kras),  although  the 
oviduet  and  endometrial  show  slightly  lower  and  higher  ratios, 
respeetively  (Fig.  SID).  A  similar  eflfieieney  of  reeombination  was 
observed  for  floxed  Pten  that  eould  be  deteeted  in  these  lesions 
(Fig.  SIE).  In  eontrast,  no  wild  type  was  deteeted,  eonsistent  with 
the  faet  that  maero-disseeted  tissue  eonsisted  mostly  of  epithelium. 
However,  a  weak  band  for  wild  type  Pten  eould  be  deteeted  in  the 
ex  vivo  isolated  ovarian  tumor  eell  line  using  freshly  isolated  DNA, 


PLOS  ONE  I  www.plosone.org 


4 


July  2014  I  Volume  9  |  Issue  7  |  e102409 


Novel  Mouse  Models  for  MUCI^  Genital  Tract  Tumors 


Figure  3.  Oviductal  and  endometrial  tumors  show  endometrioid  histology  at  both  primary  and  satellite  locations.  Formalin  fixed  and 
paraffin  embedded  primary  and  metastatic  tumor  tissues  were  analyzed  for  histo-pathology.  Representative  images  of  H&E  stained  tumor  sections 
are  shown.  Left  column:  primary  tumors  of  the  genital  tract  show  endometrioid  histology  in  the  ovary,  oviduct  and  endometrium.  Right  column: 
secondary  tumors,  including  ovarian  metastases  to  the  diaphragm  (upper),  oviduct  metastases  to  the  pancreas  (middle)  and  endometrial  metastases 
to  the  diaphragm  (lower)  also  show  endometrioid  histology.  Scale  bar  -20  |am. 
doi:1 0.1 371  /journal. pone.01 02409.g003 


also  suggesting  the  negative  result  ean  in  part  be  due  to  a  limitation 
in  deteeting  residual  Pten  by  PGR  when  using  paraffin-extraeted 
DNA  (Fig.  SIF).  Through  reporter  gene  (AdLaeZ)  experiments, 
we  further  eonfirmed  that  injeetions  remain  anatomieally  eonfined 
and  effeetively  trigger  loeal  epithelial  infeetion  of  uterus,  oviduet 
and  ovaries  (Fig.  S2). 

Oviductal  and  uterine  tumors  are  of  epithelial  origin  and 
show  endometrioid  histology 

Both  oviduetal  and  uterine  tumor  eells  were  positive  for 
eytokeratin  8,  an  epithelial  marker,  and  negative  for  desmin,  a 
stromal  eell  marker  (Fig.  2),  eonfirming  the  epithelial  origin  of 
these  tumors.  Similarly  to  KrasPten-  indueed  ovarian  tumors 
obtained  via  AdCre  injeetions  under  the  ovarian  bursa  [21],  both 
the  oviduetal  and  uterine  primary  tumors  displayed  endometrioid 
histology  (Fig.  3).  The  endometrioid  histology  was  also  preserved 
in  loeo-regionally  spread  tumor  implants  (Fig.  3).  Our  findings 
demonstrate  that,  in  this  preelinieal  model,  eo-involvement  of  Kras 
and  Pten  tumorigenie  pathways  throughout  the  genital  traet 
(ovaries,  oviduet  and  uterus)  eonsistently  triggers  gyneeologie 
tumors  with  endometrioid  histology.  Notably  however,  some  of  the 
uterine  lesions  in  miee  saerifieed  early,  potentially  before  tumor 
onset,  showed  glandular  hyperplasia  with  eystie  dilation  (Fig.  S3). 


KrasPten-driven  oviductal  and  uterine  tumors  express 
human  MUCI  and  trigger  spontaneous  anti-MUCI 
antibodies 

We  have  previously  shown  that  triple  transgenie  MUG  1  KrasP¬ 
ten  miee,  injeeted  with  AdGre  under  the  ovarian  bursa,  develop 
human  MUG  1 -expressing  ovarian  tumors,  elosely  mirroring  the 
human  disease  [21,26].  In  this  study,  we  examined  whether  the 
oviduetal  and  uterine  tumors  also  expressed  MUGl  upon  Kras 
aetivation  and  Pten  deletion  in  MUGl  KrasPten  miee.  Our  IHG 
results  demonstrate  that  the  tumors  lost  polarized  MUGl 
expression  normally  seen  on  healthy  epithelia  (Fig.  S4),  and  show 
abundant  eell  surfaee  and  eytosolie  MUGl  (Fig.  4),  similar  to  the 
staining  pattern  observed  in  human  tumors  (Fig.  S5  and  referenees 
[30,31]). 

In  patients,  MUGl  overexpression  on  developing  adenoearei- 
nomas  leads  to  spontaneous  humoral  responses  to  various  MUG  1 
epitopes  from  its  extraeellular  domain  [32,33].  We  asked  here 
whether  the  gyneeologie  tumors  in  MUGl  KrasPten  miee  that 
express  MUG  1  antigen  as  self  also  trigger  MUG  1-speeifie  humoral 
immunity.  ELISA  measurements  show  that  although  the  ampli¬ 
tude  of  the  response  varies,  presenee  of  MUG  1-speeifie  IgG 
antibodies  ean  be  deteeted  in  serum  of  tumor  bearing  miee 
(Fig.  4B)  and  the  levels  are  signifieantly  higher  in  miee  with 
ovarian  and  oviduet  tumors.  Sinee  the  target  peptide  is  a  lOOmer 
MUGl  peptide  eomprising  five  tandem  repeats  from  the 
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Figure  4.  Increased  human  MUCI  protein  expression  in  Kras-  and  Pten-  driven  genital  tract  tumors  of  MUCI  KrasPten  triple 
transgenic  mice  triggers  humoral  immunity.  (A)  MUCI  immunohistochemistry  staining  of  tumors  occurring  in  the  ovary  (upper  panel),  oviduct 
(middle  panel)  or  endometrium  (lower  panel).  An  antibody  specific  to  the  human  MUCI  extracellular  domain  (clone  HMPV,  mouse  IgGI)  was  used  at 
1:100.  Polarized  MUCI  expression  throughout  the  genital  tract  of  healthy  female  mice  at  baseline  is  shown  in  Fig.  S2.  Mouse  tumor  MUCI  mimics 
human  tumor  expression  (shown  in  Fig.  S5).  Representative  immunohistochemical  images  shown.  Scale  bar  -50  |am.  (B)  ELISA  measurement  of 
human  MUCI  peptide-specific  IgG  antibodies  in  sera  from  MUCI  KrasPten  mice  with  tumors  (n  =  5  ovarian,  n  =  4  oviductal  and  n=4  uterine).  Upper 
panel:  presence  of  antibodies  at  two  different  dilutions,  using  sing  as  target  peptide  a  lOOmer  peptide  comprising  fie  20-aminoacid  long  peptide 
from  the  MUCI  extracellular  domain  of  MUCI .  Background  levels  were  detected  using  sera  from  KrasPten  mice  with  MUCI  negative  tumors  (i.e.  wild  - 
type  for  MUCI).  Vehicle  only  was  also  included  as  an  additional  negative  control.  The  assay  was  run  in  duplicate  and  values  were  plotted  as  means 
with  standard  deviations.  Lower  panel:  box  and  whisker  diagrams  (min,  Q1,  median,  Q3,  max)  of  readings  at  1:20  dilution.  Antibody  levels  are 
significantly  higher  (compared  to  control  readings)  in  the  ovarian  and  oviduct  tumor  group  (one  way  ANOVA  p<0.05;  *two  tail  t  test;  p<0.05). 
Uterine  tumors,  p  =  0.052. 
doi:1 0.1 371  /journal. pone.01 02409.g004 


extracellular  portion  of  MUCI,  these  responses  are  indicative  of 
humoral  immunity  against  underglycosylated,  tumor-like  MUCI, 
as  previously  shown  by  us  and  others  [26].  Furthermore,  mice 
with  endometrial  hyperplasia  also  have  detectable  levels  of 
MUG  1 -specific  antibodies,  suggesting  that  MUCI  humoral 
immunogenicity  is  an  early  event,  triggered  by  early  precursors 
(Fig.  S3D). 

Overall,  these  results  demonstrate  that  MUCI  KrasPten  mice 
represent  the  first  immune  competent,  orthotopic,  human  MUGl- 
expressing  preclinical  tumor  model  for  epithelial  cell-  derived 
oviduct  and  endometrial  tumors.  The  tumors  have  well  defined 
(endometrioid)  histology,  and,  as  with  ovarian  tumors  [26], 
overexpress  MUCI  and  trigger  detectable  levels  of  spontaneous 
MUG  1 -specific  humoral  responses,  closely  mirroring  the  immu¬ 
nogenicity  seen  in  the  respective  human  diseases  [32,33]. 


KrasPten-  induced  oviductal  and  uterine  tumors  differ  in 
their  nuclear  grade,  survival  and  immune 
microenvironment 

Although  all  genital  tract  tumors  were  endometrioid,  a  detailed 
analysis  of  the  H&E  histo-pathology  revealed  that  only  oviduct 
tumors  developed  as  poorly  differentiated,  high  nuclear  grade 
tumors,  in  contrast  to  the  uterine  and  ovarian  tumors  which 
occurred  primarily  as  low/intermediate  grade  tumors  (Fig.  5 A). 
Furthermore,  mice  with  oviduct  tumors  had  the  lowest  median 
survival  (12  weeks),  significantly  shorter  than  mice  with  endome¬ 
trial  tumors  (Fig.  5B,  p  =  0.001).  Surprisingly,  no  significance  was 
reached  when  compared  with  mice  bearing  ovarian  tumors  (13 
weeks  median  survival.  Table  SI).  Thus,  the  ovarian  and  oviductal 
tumors  mirror  the  characteristics  of  the  human  ovarian  [1]  and 
fallopian  tube  cancers  and  share  a  similarly  low  survival,  in  spite  of 
the  high  nuclear  grade  observed  only  in  the  latter. 
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(A)  Ovary  Oviduct  Endometrium 


Figure  5.  Kras-  and  Pten-  induced  tumors  differ  in  nuclear  grade  and  survival  based  on  the  anatomical  site  of  mutation  activation. 

(A)  Nuclear  grade  of  primary  tumor  tissues  of  the  ovary,  oviduct  and  the  uterus.  Representative  H&E  images  are  shown.  Scale  bars:  Main  -20  |im, 
Inset  -100  |am.  (B)  Kaplan  Meyer  curve  shows  that  mice  with  uterine  tumors  survive  significantly  more  than  those  with  ovarian  tumors  (*  p  =  0.001 5) 
or  those  with  ductal  tumors  (#  p  =  0.001 6).  Individual  group  comparison  after  post  ANOVA  Bonferroni  correction  (p<0.01 6).  The  numbers  of  mice  in 
each  tumor  group  and  median  survival  time  for  each  tumor  type  are  listed  Table  SI.  Mice  with  premalignant  lesions  in  the  uterine  tumor  category 
were  excluded  from  analyses.  (C)  Splenic  Treg/CD8  T  cell  ratios  in  mice  with  ovarian,  oviduct  or  uterine  tumors  (n  =  5  mice/group),  represented  as  box 
and  whisker  diagrams  (min,  Q1,  median,  Q3,  max).  CD4  and  CDS  T  lymphocytes  were  gated  under  the  CDS  population.  FoxpS  cells  were  gated  under 
the  CD4  population.  One  way  ANOVA  for  comparison  of  all  means  (p<0.03)  and  two  tail  t  tests  between  any  two  groups  show  significant  differences 
between  the  ratios  in  uterine  tumors  and  any  of  the  other  two  tumor  types,  ovarian  and  oviduct  (p<0.02  and  p<0.01,  respectively). 
doi:1 0.1 371  /journal. pone.01 02409.g005 


To  explore  the  relationship  between  survival,  the  observed 
phenotype  of  oviduet  tumors  and  the  immune  status  of  the  host, 
we  phenotyped  the  splenie  T  eells  via  multieolor  flow  eytometry 
and  analyzed  the  pereentages  of  all  CDS  and  CD4  T  lymphoeytes, 
and  of  FoxpS  +  (Treg)  subset.  The  ratio  of  suppressors  (Tregs)  to 
effeetors  (CD8  T  lymphoeytes)  has  been  shown  to  eorrelate 
inversely  with  survival  of  patients  with  ovarian  [34]  or  other  types 
of  tumors  [35-37].  In  line  with  these  reports,  we  observed  an 
inereased  FoxpS  +  T  eell  aeeumulation  in  the  spleen  of  oviduet 
tumor-  bearing  miee  and  a  higher  ratio  of  Treg/ CD8  in  these 
miee  eompared  to  miee  with  uterine  tumors  (Fig.  5G,  p<0.01).  No 
differenees  were  noted  between  miee  with  ovarian  and  oviduet 
tumors,  suggesting  that  both  anatomieal  loeations  are  similar  in 
indueing  an  immune  suppressive  phenotype  in  the  host,  despite 
the  high  nuelear  grade  observed  only  in  the  latter. 


Discussion 

Studies  on  targeted  therapies,  ineluding  immune-based  ap- 
proaehes,  require  the  development  of  adequate  preelinieal  models 
that  best  refleet  the  pathogenie  ehanges  seen  in  the  human  disease. 
In  this  study,  we  generated  two  novel  human  MUGl-  expressing 
mouse  models  of  oviduetal  and  endometrial  eaneers  respeetively, 
based  on  simultaneous  Kras^^^^  aetivation  and  Pten  deletion 
mutations  [21,26].  Using  triple  transgenie  MUGlKrasPten  miee 
[26]  we  show  for  the  first  time  that  eoneomitant  aetivation  of 
oneogenie  Kras  and  deletion  of  Pten  tumor  suppressor  throughout 
the  female  mouse  genital  traet  eonsistently  triggers  MUG  1  positive 
epithelial  tumors  with  endometrioid  histology.  We  previously 
showed  that  MUGl  distribution  throughout  the  genital  traet  of 
MUGlKrasPten  healthy  miee  is  similar  to  the  one  seen  in  women 
[26].  Here,  we  demonstrate  that  progression  to  genital  eaneers 
triggers  loss  of  polarized  distribution  and  signifieant  inerease  in 
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MUCl  protein  expression.  Furthermore,  these  ehanges  trigger 
humoral  immune  responses,  most  likely  due  to  the  release  of 
MUGl  from  tumor  eell  surfaee  followed  by  expansion  of  MUCl - 
speeifie  B  eells  in  tumor  draining  lymph  nodes  [32,33,38].  Patients 
with  premalignant  and  malignant  eonditions  of  the  genital  traet 
(mostly  uterus  and  ovaries),  as  well  as  those  affeeted  with  other 
eaneers  [39]  have  inereased  MUGl  antibody  titers,  although  the 
intensity  of  these  responses  is  variable.  In  line  with  these  findings, 
the  triple  transgenie  MUClKrasPten  miee  employed  here,  whieh 
express  human  MUCl  as  self,  are  able  to  undergo  similar 
pathogenie  ehanges  leading  to  loeal  (aseites)  and  systemie  (serum) 
IgG  antibody  responses  in  ovarian,  tubal  and  endometrial  tumors. 
This  demonstrates  the  versatility  of  MUClKrasPten  miee  in 
modeling,  with  high  fidelity,  immunobiology  of  MUCl  in 
gyneeologie  eaneers. 

A  seeond  major  finding  of  our  studies  stems  from  the  faet  that 
although  the  same  genetie  ehanges  were  turned  on,  at  a  similar 
rate,  throughout  the  genital  traet  epithelium  (in  the  ovaries, 
oviduet,  endometrium),  the  tumor  mieroenvironment  seems  to  be 
a  key  determinant  of  tumor  grade  and  survival.  Though 
eontiguous  with  the  uterus  and  the  ovary,  and  triggered  via  the 
same  Kras^^^^  and  Pten*^*^^  mutations,  the  oviduetal  tumors  show 
a  higher  nuelear  grade  than  those  arising  in  the  other  organs.  In 
women,  the  high  grade  serous  ovarian  tumors  are  believed  to  arise 
from  fallopian  tubes  [4,5,15,40].  This  hypothesis  is  further 
validated  by  reeent  preelinieal  studies  from  Perets  et  al.  who 
reported  a  genetie  model  of  de  novo  high  grade  serous  eareinoma 
that  originates  in  fallopian  tube  epithelium  and  reeapitulates  the 
biology  of  human  invasive  ovarian  eaneer  [23].  Our  results  raise 
the  previously  unexplored  possibility  that  fallopian  tubes  may  also 
play  a  eausative  role  in  (albeit  rare)  eases  of  high  grade 
endometrioid  or  mixed  endometrioid-serous  ovarian  eareinomas. 
There  are  several  examples  in  human  eareinogenesis  where  the 
anatomieal  site  of  initiating  lesions  dietates  the  eaneer  risk, 
ineluding  the  eervieal  epithelial  transformation  zone  with  HPV 
[41],  the  esophageal-gastrie  junetion  and  Barrett’s  esophagus  [42], 
and  the  squamous  eell  metaplasia  in  lung  eaneer  [43].  Here  we 
report  that  the  intrinsie  nature  of  the  mueoso-epithelial  biology  of 
the  fallopian  tube  may  promote  a  more  aggressive  phenotype,  as 
eompared  to  the  adjaeent  uterine  mueosa  when  exposed  to  the 
same  eareinogenie  influenee.  Our  approaeh  opens  the  door  for 
future  studies  foeused  on  the  identifieation  of  fallopian  tube- 
speeifie  moleeular  pathways  engaged  in  tumorigenesis  and 
development  of  new  therapies  that  target  these  pathways.  It  also 
provides  further  support  to  the  rationale  of  serutinizing  the 
fallopian  tubes  when  searehing  for  premalignant  or  early 
preeursors  to  high  grade  ovarian  tumors,  regardless  of  their 
histology. 

Preelinieal  mouse  models  to  study  oviduetal  eaneer,  the  murine 
equivalent  of  human  fallopian  tube  eareinoma,  are  diffieult  to 
develop.  Reeent  studies  from  Kim  et  al  utilized  the  anti-rniillerian 
hormone  reeeptor  2  (Amhr2)  gene  loeus  to  deliver  the  Gre 
reeombinase  and  eonditionally  delete  the  Dieer  and  the  Pten  genes 
in  the  mullerian  duets  to  establish  duetal  eaneer  elosely  resembling 
the  human  disease  [15].  However,  the  Amhr2  gene  is  expressed 
not  only  in  oviduetal  eells  but  also  in  the  uterine  epithelium  as  well 
as  the  ovarian  granulosa  eells  [19],  making  this  model  non- 
exelusive  for  primary  oviduetal  tumors.  Similarly,  we  aeknowledge 
the  teehnieal  ehallenges  posed  by  induetion  of  oviduet  tumors  in 
our  MUG  IKrasPten  miee.  Oviduets  are  minute  tubes  that  provide 
a  spaee  eontinuum  between  the  uterine  horns  and  the  ovarian 
bursa.  To  diminish  the  risk  of  leakiness,  and  to  ensure  that  AdCre 
injeetions  remain  anatomieally  eonfmed  to  the  oviduets,  we 
elipped  the  proximal  and  distal  ends  of  the  tubes,  prior  to  AdCre 
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injeetions.  The  eontrasting  histomorphology  (high  grade  in 
oviduets  versus  low  grade  in  ovaries  and  uterus)  suggests  that  the 
originating  eells  were  indeed  from  the  oviduet  and  that  tumors 
were  not  merely  spreading  from  the  eontiguous  genital  traet  areas 
(ovary  and  uterus,  respeetively). 

Unlike  oviduet  tumors,  several  preelinieal  models  of  uterine 
eareinomatosis  are  eurrently  available.  Conditional  deletions  of 
tumor  suppressors  sueh  as  Pten  and  p53  in  the  endometrium 
trigger  invasive  endometrial  adenoeareinomas  [17,18].  In  line  with 
these  studies,  our  endometrial  eaneer  mouse  model  did  not  show 
100%  penetranee.  Miee  with  no  visible  tumors  showed  signs  of 
endometrial  hyperplasia.  The  lesions  were  immunogenie  and 
triggered  MUGl  antibodies,  making  this  model  attraetive  for 
studies  on  MUGl  in  uterine  premalignaney. 

The  tumor  mieroenvironment,  eomposed  of  stroma  and 
immune  eells,  has  reeently  reeeived  emphasis  as  a  target  in 
treatment  of  ovarian  eaneer  [44] .  Our  study  reinforees  its  role  in 
the  development  of  gyneeologieal  eaneers.  In  addition,  oviduet 
tumor-bearing  miee  have  Treg  to  CD8  ratios  that  are  higher  than 
in  miee  with  uterine  tumors,  yet  not  signifieantly  different  from 
miee  with  ovarian  tumors.  This  suggests  that  the  oviduets  promote 
a  more  immune  suppressive  environment,  perhaps  similarly  to 
ovaries,  via  GXCL12  [45],  although  the  exaet  meehanisms  remain 
to  be  identified. 

Taken  together,  our  studies  establish  two  new,  highly  versatile 
human  MUCl-  expressing  mouse  models  of  Kras-  and  Pten- 
indueed  oviduetal  and  endometrial  eaneers  with  endometrioid 
histology,  whieh  elosely  mirror  the  pathology  and  immunogenieity 
of  human  disease,  and  demonstrate  the  influenee  of  the  tumor 
mieroenvironment  on  gyneeologieal  eaneer  development. 

Supporting  Information 

Figure  SI  C  re-mediated  reeombination  at  Kras  and  Pten  loei, 
in  tumor-extraeted  DNA.  PCR  analysis  of  tumor-extraeted  DNA 
shows  eoneomitant  aetivation  of  oneogenie  KrasG12D  mutation 
(A)  and  deletion  of  Pten  (B).  Non-deleted  Pten  is  shown  in  (C). 
DNA  from  a  healthy  transgenie  mouse  was  used  as  negative 
eontrols  in  and  B  and  positive  eontrol  in  C.  DNA  from  an  ovarian 
eaneer  eell  line  was  used  as  positive  eontrol  in  A  and  B.  (A)  Floxed 
out,  aetivated  Kras  shows  up  as  upper  band.  (B)  Floxed  out  Pten 
shows  as  a  single  band;  no  band  demonstrates  absenee  of  Gre-loxP 
reeombination.  (C)  Wild  type  Pten  allele  (arrow).  (D)  Aetivated 
Kras  levels  expressed  as  pereentage  of  total  K-Ras  in  eaeh  sample. 
(E,  F)  Pten  deletion  and  wild  type  Pten  allele,  respeetively;  y  axis, 
signal  intensity  (arbitrary  units).  Signal  in  D-F  were  quantified 
using  Image  Studio  Lite  (LI-COR).  Ov  T;  ovarian  tumor;  Od  T; 
oviduet  tumor;  Endom;  endometrial  tumor. 

(TIF) 

Figure  S2  AdLaeZ  administration  into  the  oviduet  or  the  uterus 
was  performed  followed  by  staining  for  (3-galaetosidase  expression. 
4  mieron  seetions  of  the  speeifie  tissue  were  eut  and  HE  stained  to 
reveal  the  tissue  histology.  P-galaetosidase  expression  in  epithelia 
of  oviduet  and  the  endometrium  indieate  sueeessful  delivery  of  the 
adenovirus.  A  representative  seetion  is  shown  for  eaeh  oviduet  and 
uterine  anatomieal  site  (Seale  bars:  low  magnifieation  —100  pm, 
high  magnifieation  —50  pm. 

(TIF) 

Figure  S3  (A)  Baseline  endometrial  histology  of  a  healthy  mouse. 
(HE  stain)  (B)  Premalignant  lesions  display  eystie  dilation  and 
endometrioid  hyperplasia.  (HE)  stain)  (C)  The  eyst  lining  as  well  as 
the  hyperplasie  endometrial  glands  express  human  MUCl  (IHG 
for  MUCl  using  anti-human  MUCl  antibody,  elone  HMPV). 
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Scale  bar  —200  jim.  (D)  Dot  plot  of  IGIO-MUCI  cells  incubated 
with  serum  from  uterine  injected  female  mouse  with  endometrial 
hyperplasia.  Gated  population  represents  percent  tumor  cells 
stained  by  MUG  1 -specific  antibodies  present  in  the  serum. 

(TIF) 

Figure  S4  Histomorphology  and  MUCl  expression  in  the 
normal  mouse  female  genital  tract.  Left  column:  HE  stain  of  a 
female  genital  tract  of  a  healthy,  MKP  mouse  showing  normal, 
baseline  histology  of  the  ovary,  oviduct  and  the  uterus.  Right 
column:  IHC  stain  for  human  MUCl  expression  in  the  ovary, 
oviduct  and  uterus  of  a  healthy  MKP  female  mouse.  Scale  bar  — 
50  pm. 

(TIF) 

Figure  S5  Histomorphology  and  MUCl  expression  in  human 
gynecologic  tumors.  Left  column:  HE  stains  of  human  fallopian 
tube  carcinoma,  endometrial  carcinoma  and  endometrial  hyper- 
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